Abstract -C. elegans is a worm that could be mutated to have [9], magnetic bead measurement [10] and micropipette different muscle arms, which may generate distinct force patterns aspiration [11], MEMS force sensors are more cost-effective when the worm moves. In this paper, an integrated system 'm.e employing both a novel PDMS device and a visual feedback from and provide flexibility for system integratilon. However, the the device is reported. The silicone elastomer-based PDMS device construction of MEMS force transducers typically depends on consists of arrays of pillars, which forms open channels for the silicon micromachining which requires sophisticated worm to move in and bend the pillars in contact. Enabled by a equipment sets and an increase in processing effort. Significant single vision sensor (CCD/CMOS camera), the computer vision care must also be taken in properly designing and shielding system is able to transform the forces generated by C. elegans, electronic detection circuits in order to obtain a satisfactory through detecting the deflection of the pillars with sub-pixel ectrc ement resouti Furdermo issues sahsas accuracy. The experimental results demonstrate that the current force measurement resolution. Furthermore, issues such as vision-based force sensing system is capable of performing robust biocompatibility and operating in an aqueous environment for force measurements at a full 30 Hz with a 1.52 gN resolution. The C. elegans to survive, often pose stringent challenges and framework has the potential to significantly facilitate the study on intricacies in MEMS design, material selection, and the relationship between muscle arms and force patterns of C.
ectrc ement resouti Furdermo issues sahsas accuracy. The experimental results demonstrate that the current force measurement resolution. Furthermore, issues such as vision-based force sensing system is capable of performing robust biocompatibility and operating in an aqueous environment for force measurements at a full 30 Hz with a 1.52 gN resolution. The C. elegans to survive, often pose stringent challenges and framework has the potential to significantly facilitate the study on intricacies in MEMS design, material selection, and the relationship between muscle arms and force patterns of C.
.o . n. elegans in motion, and thus gives a better understanding of microfabrication. muscle arms development and modeling.
Two decades ago, the flexible substrate method was introduced for characterizing mechanical interactions between I. INTRODUCTION biological cells and their surrounding environment [12] . More C. elegans is a multicellular eukaryotic nematode living in recently, an innovative approach employing microfabricated temperate soil environments. Due to its relative simplicity in PDMS (polydimethylsiloxane) post/pillar structures as force anatomy, C. elegans has been used extensively as a model transducers was reported to visually measure traction forces organism for studies on cellular differentiation, neural generated by adherent cells (smooth muscle cells [13] , networking and genetic modification in eukaryotes [1] . It was epithelial cells [14] , and cardiac myocytes [15] SU-8 negative photoresist (MicroChem) on a 4" silicon wafer as substrate. In brief, an initial layer of SU-8 2025 was spin-agar plate for feeding the worm. The dishes were allowed to coated to a thickness of 15 gim, softbaked according to the dry for 1 hour before use. resist datasheet and exposed in a Suess MA6 mask aligner C Device Loading using a high resolution chrome mask to form the channel Prior to introduction of C. elegans, the surface of the PDMS outline [20] . After postbake, a second, 100 ' m thick layer of device was rendered hydrophilic by use of a laboratory corona SU-8 2100 was coated on top of the first layer. The wafer was S8 20 wtreater (Electro-Technic Products). The top of the device was softbaked again and exposed through a second mask containing then covered with a 22x22 mm glass coverslip (ESCO) to both the channel outline and pillar array. Finally, the resist enclose the pillar-containing part of the channel. Following this, pattern was developed in (1-methoxy-2-propyl) acetate in an de-ionized water (DI) was dispensed onto the uncovered inlet ultra-sonic bath, rinsed with IPA and hardbaked for 20 mm at by pipette and the channel structure was filled via capillary 150C.
. (Figure 3 d) . Therefore, the moment of inertia of each pillar is First, frames were converted to black and white to have Note that drag forces on the pillars by the fluidic environment binary images for subsequent extraction of the edge are safely ignored [23] .
coordinates, as shown in Figure 5 (a) . Second, three zones In Equation 3 the only unknown parameters are Young's were defined to extract each pillar image in an assigned square modulus E, and pillar deflection A. Based on the PDMS device window. Then, the following algorithm was applied to trace fabrication specifications, E is equal to 1.6 MPa [24] . Hence, the outline of the outer circle of the deflected pillar: the force imposed by C. elegans can be obtained by measuring The result is a differentiating equation with respect to A, B and C that creates a linear equation set. By solving this equation set, center coordinates and a radius are calculated. Figure 6 shows the fitted circles for three targeted pillars. IV. RESULTS AND DiscusSION frame 1 frame 7 frame 14 frame 21 frame 28 frame 35
Visually measured deflections were substituted into the pillar-pillar 3 mechanics model (Equation 3) to calculate imposed forces corresponding to each frame. Figure 8 shows the measured force vs. frame. In all processed frames, C. elegans is touching pillar 2 pillar 2. This indicates that the force on pillar 2 is always larger than zero. Figure 9 demonstrates the linear relationship between deflection vs. force. As this figure shows, the pillar 1 maximum deflection is 20.36 vm, experienced by pillar 2. This number over pillar height (100 gm) is small enough to satisfy that the small-deflection assumption of linear elasticity holds 
